Many deer populations have recently increased worldwide leading to strong direct and indirect ecological and socioeconomical impacts on the composition, dynamic, and functions of forest ecosystems. Deer directly modify the composition and structure of vegetation communities, but they also indirectly affect other species of the ecosystem by modifying the structure of the vegetation. Here we review the results of a research program on overabundant white-tailed deer (Odocoileus virginianus) in the boreal forest of Anticosti Island (Québec, Canada) aimed at identifying deer densities compatible with forest regeneration. Various silvicultural systems and treatments failed to regenerate deer habitat at high deer densities, but planting size-adapted seedlings could be effective at moderate densities. Using a controlled deer density experiment, we found vegetation recovery at deer densities ≤ 15 deer/km 2 . The same experiment revealed that other groups of organisms such as insects and birds responded favorably to a reduction of deer density. We also found that alternative successional trajectories may occur after a certain period of heavy browsing during early succession. We conclude that one of the most important remaining research gaps is the need to identify habitat-specific threshold densities at which deer impacts occur and then to design effective wildlife and forest management strategies to limit deer impacts and sustain ecosystem integrity.
Introduction
Several populations of cervids (hereafter deer) have increased worldwide during the last decades causing strong direct and indirect ecological and socioeconomical impacts on the composition, dynamic, and functions of forest ecosystems [1] . In North America, white-tailed deer (Odocoileus virginianus, Zimmermann) has become overabundant in several regions [2, 3] , forcing wildlife and forest managers to develop new ways of managing deer-forest systems. This review summarizes the results of a research program on Anticosti Island (Québec, Canada) that exemplified how an overabundant white-tailed deer population modified a boreal forest ecosystem. We also address how a careful assessment of changes in the ecosystem provides valuable science-based guidelines for the development of innovative and integrated wildlife and forest management strategies.
Heavy browsing caused by high deer densities directly impacts plant communities and tree regeneration dynamics ( Figure 1 ). These impacts often lead to dominance of plant species tolerant to browsing into communities [4] , lower abundance or extirpation of less tolerant species [5] [6] [7] , and changes in compositional and functional patterns of plant diversity [8] [9] [10] , possibly reducing the productivity of ecosystems [11, 12] . Deer can also modify soil dynamics and vegetation by trampling and nutrient deposition via their feces, urine, and carcass [13, 14] . Moreover, heavy browsing often induces additional silvicultural costs by preventing the establishment and height growth of palatable tree species [15, 16] . When the magnitude of impacts caused by deer on vegetation overcomes the resilience of forest ecosystems (sensu [17] ), deer browsing can further alter trajectories of forest succession [15, 18] or possibly yield alternative stable states [6] . The last two decades of research have greatly improved our understanding of the role played by deer browsing on changes in vegetation patterns and dynamics. Less is known, however, about how the changes in patterns of primary producers indirectly impact assemblages of animal species at different trophic levels ( Figure 1 ). For instance, overabundant deer populations may limit the availability of plant species to other primary consumers (i.e., insects, birds, and small mammals) that directly depend on browsing intolerant plant species as a main source of forage, hiding cover, or for reproduction needs [19] [20] [21] [22] . In turn, the lower abundance of primary consumers might initiate trophic ricochets (sensu [23] ) on predators, carnivores, and decomposers altering the structure and interactions among the entire food web [24] [25] [26] [27] .
To answer these questions, we have launched a long-term multidisciplinary research program on deer-boreal forest relationships [28] . We first experimented different types of large cutblocks to regenerate deer habitat; then we applied a series of controlled and replicated experiments at large spatial scales to identify deer density thresholds compatible with forest regeneration. In particular, we have established a controlled deer density experiment to investigate the response of several ecosystem components (e.g., soil properties, vegetation, insects, birds, and small mammals) along a gradient of deer browsing intensity.
Context
Anticosti Island (7 943 km 2 ) is located in the Gulf of St. Lawrence in Québec, Canada (49 ∘ 28 N−63 ∘ 00W; Figure 2 ). The forest ecosystem belongs to the eastern balsam fir (Abies balsamea)-white birch (Betula papyrifera) bioclimatic subdomain [29] . The preindustrial forest was characterized by a matrix of overmature softwood stands dominated by balsam fir with the inclusion of younger stands [30] . Stand regeneration is typically supported by banks of shade-tolerant balsam fir seedlings capable of reestablishing canopy dominance following a disturbance (advance regeneration [31] ).
Approximately 200 white-tailed deer were introduced on Anticosti Island at the end of the 19th century, and they rapidly multiplied, taking advantage of a suitable habitat in the absence of predators. The deer population now reaches a density > 20 deer/km 2 locally [32] and appears mainly limited by the availability of winter food resources [33] , fluctuating annually according to winter severity [34] .
Such a high deer density had strong repercussions on the forest. Major modifications in the woody and herbaceous vegetation layers related to intense deer browsing have been reported, such as the quasi-disappearance of the shrub layer and of most deciduous species [35] [36] [37] . The regeneration of balsam fir forests, a key habitat for deer winter survival on Anticosti Island [38] , is currently compromised by deer browsing on balsam fir seedlings. Balsam fir stands are being progressively replaced by the less palatable white spruce (Picea glauca) through apparent competition [35, 39, 40] . In addition, despite the infrastructures and facilities in place today, sport hunting removes less than 5% of the total population annually, a harvest insufficient to achieve population control [34, 41] .
A forest management program was established on the island in 1995 to favor balsam fir regeneration, thus allowing the reestablishment of balsam fir stands. The core of the integrated forest management strategy is based on fencing of large cutover areas (∼7-10 km 2 ) comprising clear-cuts and residual forests [42] (Figure 2 ). Deer density within fenced areas is greatly reduced by sport hunting. Clear-cuts emulate natural disturbances resetting the regeneration dynamics of balsam fir forests by releasing the understory advance regeneration. When the stocking of balsam fir seedlings is deficient, the plan provides for plantation of nursery grown balsam fir seedlings. Once fir saplings will be high enough to escape browsing (up to 15 years), the fences will be removed. The residual forest stands act as winter cover interspersed with forage patches providing adequate deer habitat [43] . Managers were also concerned by the potential negative effects on other plant or animal species associated with the disappearance of balsam fir forests. In addition, they feared that deer hunting, the main economic activity on the island, might be negatively affected [42] . To address the complex relationships between deer, forests, and the exploitation of natural resources in the boreal forest, the Industrial Research Chair in Integrated Resource Management of Anticosti Island was created at Université Laval (Québec, Canada) in 2001. The first objective of the Chair Research Program is to develop forest and wildlife management approaches adapted to high deer densities. The four main research themes cover fundamental and applied aspects related to the sustainable development of resources and include the relationships between high deer densities and ecological processes of forest ecosystems, the habitat selection and foraging behavior of white-tailed deer, the development of silvicultural strategies compatible with high herbivore densities, and the definition and development of integrated tools to manage biological forest resources exposed to high deer densities [28] .
Research on Anticosti

Testing Silvicultural Systems and Treatments.
A key element of our research program is the use of in situ largescale factorial experiments to unravel how local deer densities and habitat characteristics influence deer impacts on tree regeneration success. Our first set of experiments specifically challenged the "habitat characteristics" hypothesis, which states that the susceptibility of tree regeneration to deer browsing depends on the surrounding biotic and abiotic conditions prevailing at microsite, stand, and landscape scales [44] . This hypothesis predicts lower impacts of deer on tree regeneration at longer distances to forest edges within cutblocks, as a result of higher predation risk perceived by deer with increasing distance from escape cover [45] .
We tested this prediction in large clear-cut blocks using replicated pairwise fenced and unfenced plots located at various distances from the forest edge. Results demonstrated that, in absence of natural predators, the magnitude of deer impacts on palatable tree regeneration was independent of distance from escape cover [46] . In a second set of experiments, we tested whether the susceptibility of tree regeneration to deer browsing depended on silvicultural systems [44] . We expected tree regeneration under a "closeto-nature" silvicultural system (e.g., shelterwood and natural regeneration) to create abundant regeneration via increased seed supply of several species and allow balsam fir seedlings to develop beyond the reach of deer [47, 48] . We experimentally tested this prediction under in situ deer densities (≥15 deer/km 2 ) using a broad range of silvicultural systems, including shelterwood cutting of various intensities (0, 25, or 40% removal of the stand basal area), strip clear-cutting (strip width of 15, 30, or 45 m), group seed-tree cutting with a gradient of scarification intensity, and large clear-cuts [49, 50] . Overall, deer browsing in natural conditions prevented the growth in height of all palatable tree seedlings in every silvicultural system, even when seedling density was locally high [49, 50] . Finally, using planted balsam fir seedlings of various sizes, we tested the "apparency" theory, which states that herbivores are most likely to feed on plants that are easier to find [51] . We hypothesized that, under low to medium deer densities, seedlings that are either taller or grow faster than the average are more susceptible to browsing than others [52] . Indeed, we showed that, for seedlings planted in clear-cut areas, the relative risk of being browsed increases with seedlings height at the end of the previous growing season [53] .
Lessons can be drawn from these early studies. First, food-dependent and -independent factors controlled by silvicultural systems, such as distance to stand edge, local seedling density, species planted, amount of woody debris, and size of opening areas, play no significant roles in mitigating browsing impacts on natural regeneration when deer population densities are ≥15 deer/km 2 [35, 46, 49, 50] . Second, when deer densities are between 10 and 15 deer/km 2 , there is a prominent bottom-up control of planted seedlings during early growth by interspecific competition instead of a top-down control by deer, which implies that the use of size-adapted stock could optimize the restoration scheme following deer population reduction [53] . However, the longterm evaluation of plantation success is required to confirm this suggestion because seedling growth over time increases their browsing probability. Overall, these studies highlight the critical role of high deer densities in the magnitude of browsing impacts on tree regeneration.
Estimating Deer Density Compatible with Natural Successional Processes.
A recurrent theme in deer-forest literature is the dearth of studies addressing threshold deer densities compatible with the maintenance of natural processes in forests [1] . Progress in understanding how ungulates modify ecosystems, both directly and indirectly, and respond to ecosystem changes requires controlled factorial experiments that manipulate deer density and other factors interacting to influence forest dynamics, especially natural and man-made perturbation regimes [54] [55] [56] [57] . We embraced this challenge using a controlled browsing experiment that manipulated both deer densities (0, 7.5, 15 deer/km 2 and in situ density up to 56 deer/km 2 ) and forest structure (clear-cut and uncut forest) during 8 consecutive years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). Deer densities and vegetation cover types were replicated in 3 blocks, with 4 experimental units per block (Figure 2) . The fenced experimental units were dominated by balsam fir (>70% canopy cover) before the beginning of the experiment. In each block, we maintained a deer-free 10 ha exclosure, 3 deer in a 40 ha enclosure made of 3-meter-high wire game fence (7.5 deer/km 2 ), and 3 more in a 20 ha enclosure (15 deer/km 2 ). We controlled deer density by relocating 3 deer per enclosure each spring and culling them in late autumn. We monitored in situ deer densities in unfenced sites located near the enclosures using distance sampling of summer feces (see [58] for details).
The response of the ground layer vegetation in the early succession phase following forest harvesting revealed a fast recovery rate of compositional, reproductive, and morphological attributes of plants at densities below 15 deer/km 2 and suppression of growth or reproduction at higher densities [58] (Figure 3) . Browse tolerant species, such as grasses, were positively related to deer density through exponential growth functions [58] . Such field layer can be hard to penetrate for woody species and has therefore been termed a recalcitrant understory [59] . Sexual reproduction of commonly grazed species, such as Anaphalis margaritacea, Aster spp., Cerastium vulgare, Clintonia borealis, Conioselinum chinense, Chamerion angustifolium, Geum macrophyllum, Gnaphalium uliginosum, Hieracium spp., Maïanthemum canadense, Petasites spp., Prenanthes spp., Ranunculus acris, Senecio spp., Streptopus roseus, Rubus idaeus, Rubus spp., Taraxacum officinale, Trientalis borealis, and Vaccinium spp., was inhibited by herbivory at local density levels exceeding 15 deer/km 2 but recovered exponentially at lower densities [58] . Six years after forest harvest and deer density control, plants associated with high deer density had functional traits such as asexual reproduction, abiotic pollination, and gravity/wind seed dispersal, while traits favored at reduced deer density included fleshy fruits, large seeds, and erected foliage [60] .
In the first 3 years following timber harvesting and controlled browsing, the mortality of individually tagged balsam fir seedlings (height < 30 cm) decreased exponentially Advances in Ecology 5 with decreasing deer density in clear-cuts [40] . Mortality of seedlings at deer densities under 15 deer/km 2 decreased over time and with age and stem height, converging eventually towards the mortality rate observed in exclosures with no deer [61] . Independently of deer density, percentage of plots with at least one recruit in clear-cuts dropped from 56 ± 5% to 7 ± 1% within 3 years [61] . The height of seedlings also increased exponentially with decreasing deer density in clearcuts after 3 years of control [61] . We observed almost no regeneration into the sapling stage (>30 cm) under in situ deer densities after 7 years [61] . Overall, the abundance of fir saplings recovered exponentially in clear-cuts but remained low and independent of deer density in uncut forest while the abundance of spruce Picea spp. saplings was unrelated to deer density and increased with time. Although we measured a relatively high stem density of balsam fir saplings 7 years after the start of the treatment, their ultimate contribution to the canopy remains to be confirmed.
The early responses of the ground layer and advance regeneration can shape succession processes as they determined the initial floristic composition and the competitive interactions between dominant species. Changes imposed by deer browsing at this stage may determine successive colonization events with long-term legacy effects, eventually leading to alternative successional trajectories (AST sensu [62] ). Legacy effects are defined as indirect effects persisting for a long time in the absence of the causal species activities (sensu [63] ). Legacy effects of deer browsing have been reported a long time after localized deer exclusion [23, 64, 65] , while other systems appear resilient to prolonged periods of heavy browsing pressure [66] . A conclusive experimental test of AST requires assessing whether a successional trajectory initiated under deer herbivory could be reversed. To this end, we implemented a delayed herbivore removal experiment; for a period of 15 years, we compared the composition and structure of the forest community in (1) original exclosures protecting regeneration from deer browsing directly after logging, (2) control plots, and (3) delayed exclosures that were built 8 years after logging on plots previously accessible to deer [18] . Although the palatable paper birch and some palatable herbs recovered in delayed exclosures, we observed legacies from trees and herbs resistant to browsing (sensu [67] ). Woody regeneration in delayed exclosures was dominated by white spruce, while Poaceae (grasses) were abundant in the field layer [18] . We concluded that AST might occur after a limited period of heavy browsing during early succession because only early successional species managed to establish in exclosures constructed 8 years after logging, whereas late successional broadleaves and balsam fir remained rare. We suggest that, by acting as a chronic disturbance agent, deer can undermine the resilience of balsam fir forests and make them more vulnerable to AST.
Managing White-Tailed Deer Density.
Hunting is the main management tool available to control deer populations [1] . To improve deer management using sport hunting, we studied the environmental variables that limit the efficiency of hunting. Using an innovative approach of monitoring the behavior of hunters with GPS technology, we found that the spatial distribution of harvested deer at different scales was mainly determined by the presence of access roads in open stands [68] . The abundance of deer forage also influenced the spatial distribution of harvested deer across the landscape, but to a lesser extent (see also [69] ). Thus, habitat characteristics could be modified to increase deer harvest by improving accessibility and visibility near roads, for instance, by the creation of forest openings.
Intensive and localized harvest of antlerless deer has been proposed as another potential measure to reduce deer density [70] . The philopatric behavior of females is expected to limit recolonization of hunted zones [70, 71] . To test the efficiency of this method under natural conditions, we monitored deer density, vegetation abundances, and growth as well as deer life-history traits during 6 years in five 20 km 2 experimental sites where harvest rate of antlerless deer was increased by 30 to 50% and in 5 control sites where harvest rate was 5-7% [72] . Contrary to our expectations, deer density, vegetation abundance, and deer life-history traits did not differ in experimental and control sites [72] . Given the large efforts required for localized management, we conclude that the local control of overabundant deer populations through sport hunting may be difficult to achieve in areas where hunting pressure is limited.
Assessing the Direct and Indirect Impacts of Deer on Other
Species. Intense browsing by abundant large herbivores can threaten the ecological integrity of ecosystems by inducing modifications in the structure and composition of vegetation that affect other animal communities [1, 20, 21, [73] [74] [75] [76] . Using our large controlled browsing experiment, we investigated the relationships between deer density and different animal communities and species, including songbirds, insects, and small mammals.
Songbirds.
Compared to the vegetation, the magnitude of the positive effects of the reduction in deer density on songbirds was limited. Nevertheless, 6 years of reduced deer density increased songbird richness and diversity [77] . Higher birch ground cover at reduced deer densities (≤7.5 deer/km 2 ) increased the total abundance, species richness, and diversity of songbirds by 30% on average. The regeneration of white spruce at high deer density maintained many shrubdependent songbirds associated with forest canopy [77] . Overall, simplification of the vegetation structure by deer browsing homogenized the composition of songbird communities [78] .
Insects.
The sensitivity of insect taxa and feeding guilds to deer density decreased along a gradient representing their degree of association with plants [79] . The abundance of epigeal Carabidae, which do not have any direct relationship with plants, was independent of deer density. Macro Lepidoptera, however, a group intimately linked to vegetation, had higher species richness and a greater abundance of individuals from rare species at reduced than at in situ deer densities [79] . The reduction of deer density to ≤15 deer/km 2 might be sufficient to restore insect diversity on Anticosti Island.
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Small Mammals.
Finally, we assessed the influence of deer density and forest harvesting on deer mice (Peromyscus maniculatus), the only small mammal species present on Anticosti Island [80] . We found higher mice abundance in clear-cuts than in intact adjacent forests, regardless of deer density. Our findings suggest that the indirect effects of deer browsing on generalist species such as deer mouse may be weak, possibly due to their omnivorous feeding habits. The interspecific relationships between deer and mice thus appear neutral in this system.
Outlook
Because the ecological and socioeconomical impacts of overabundant deer are expected to further increase in the near future, a number of research questions need to be addressed. One of the most important remaining research gaps is the identification of habitat-specific threshold densities at which deer impacts occur [1, 22, 54, 81] . This would allow designing effective strategies to limit deer impacts and sustain ecosystem integrity. In addition, many factors have been treated separately in the study of deer-forest relationships, but we need to understand the interacting factors affecting ecosystem resilience [1] . For example, we must build from previous studies and further investigate the interactive effects of deer browsing pressure and other natural or anthropogenic disturbances [65, 82, 83] . The impacts of deer overabundance may be linear but most likely involve thresholds and nonlinear relations that should be included in research designs [1, 6, 84] . We must determine the recovery duration of ecosystems once deer density has been reduced [22, 58] . We also need to assess the impact of plant-plant associations on the browsing risk, that is, the effect of the presence of companion species on accentuating or decreasing the risk of browsing on a particular (preferred) plant species (namely, associative susceptibility and associative resistance [85] [86] [87] ). Although we have made large progresses to address the impact of deer density on biodiversity (e.g., [77, 79, 88] ) since we outlined this gap as a research priority a decade ago [1] , there is still a need to assess the effects of high deer density on the structure of ecosystems, and hence biodiversity.
Generally, we need more experiments of controlled large herbivore densities in several types of ecosystems [8, 54-57, 89, 90] . To date, only boreal forest (our work on Anticosti, e.g., [58, 91] for Alces alces) and temperate forest ecosystems [92, 93] have seen experiments at controlled deer density. For instance, there is a lack of studies about the impacts of high browsing pressure in tropical and subtropical environments, as well as in Arctic ecosystems where cases of cariboureindeer (Rangifer tarandus) overgrazing have been reported [94] [95] [96] . These studies would be particularly relevant for species such as lichens that take a long time to regenerate [97] . In addition, research on interactions between species in environments where a suite of large herbivore species coexist (e.g., Western Europe, New Zealand) is needed. For instance, the combined effects of sympatric herbivore species on ecosystems are not well known, except perhaps in African savannas [98, 99] . We now know that deer browsing has the potential to lead to alternate successional trajectories [18] , but we still need to determine whether positive retroaction induced by deer browsing can maintain forest ecosystems into alternate stable states or regimes on large spatial and temporal scales [6, 62, 81] .
From a forestry perspective, there is a need to further investigate the interacting impacts of regeneration density, seedling origin (natural versus planted), competing vegetation characteristics (composition, cover, and relative height), and deer density on stand regeneration success under high browsing pressure. Furthermore, these interactions should be studied within a range of silvicultural treatments such as precommercial and commercial thinning or shelterwood cutting [53, 100, 101] . We should determine how browsing pressure influences tree growth on sites of various fertilities in order to include the effect of deer in the estimation of timber harvest levels. Moreover, the sole and interacting effects of stock type characteristics, time since planting, soil and slash manipulation, and vegetation control [102] [103] [104] must be integrated within a comprehensive model of stand management to guide silviculture. Within species, individual seedlings differ genetically in their susceptibility to browsing [105] [106] [107] [108] , suggesting that selection for species, varieties, and genotypes more resistant to browsing could be possible.
More locally, on Anticosti Island, the most crucial need remains to test the efficiency of large-scale fenced areas at reduced deer density to regenerate forests [42] . When vegetation height will be judged sufficient for trees to escape deer browsing, the fences will be removed [42] . The first enclosures are now approaching this state and thus, both the responses of plants (see above) and animals to the removal of the fences need to be measured. We need to assess how the removal of the fence will impact the space use of surrounding deer because it will increase the local abundance of forage and may thus attract deer over long distances.
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